Simple Summary: Heat stress, one of the major problems in tropical and subtropical regions, adversely affects poultry production. This study was designed to evaluate the effects of dietary betaine on growth performance, digestive function, carcass traits, and meat quality in indigenous yellow-feathered broilers subjected to long-term heat stress. The results demonstrated that long-term heat exposure reduced the growth performance, digestive function, and carcass yield, and dietary betaine supplementation partially alleviated the adverse effects of heat stress on these parameters. These findings are useful for development of anti-heat stress feed additives in indigenous yellow-feathered broilers.
Introduction
With global warming, the deleterious effects of heat stress induced by high ambient temperature on poultry productivity have been of great concern all over the world, especially in tropical and subtropical regions. Heat stress has a profound effect on broilers' health and production, and leads to multiple physiological disturbances, such as endocrine disorders, systemic immune dysregulation, and electrolyte imbalance [1] . Heat stress also causes a disruption in the intestinal structure and function, including reduced regeneration and integrity of the intestinal epithelium [2, 3] , which in turn suppresses the growth rate and feed efficiency of birds. In addition, heat stress impairs carcass traits and meat quality through affecting energy-substance metabolism and redox status, resulting in decreased meat yield and increased abdominal fat rate in broilers [4, 5] . Reducing the house temperature to the thermoneutral zone is a direct strategy to eliminate heat stress of poultry, and the thermoneutral zone can maximize the growth potential [1] . However, the cost of cooling equipment is relatively high in broiler production. It has previously been reported that nutritional manipulation could be a viable option to minimize the adverse impacts of heat stress on broilers [6] , including supplementation of functional feed additives, such as probiotics, prebiotics, and natural active substances.
In recent years, special attention has been paid to the use of natural plant extracts in animal science. Betaine is a trimethyl derivative of the amino acid glycine and widely found by a variety of plants in nature. There is increasing evidence that it is a highly valuable feed additive and can produce positive effects on animal performance [7] [8] [9] . Betaine is known to have two major functions in the body, as a methyl group donor and an organic osmolyte. On the other hand, betaine has been shown to protect cells from osmotic pressure and allow them to continue normal metabolic activities under conditions that inactivate cells [10] ; thus, the use of betaine may improve broiler tolerance to heat stress. Furthermore, it has been suggested that betaine could be used as a natural antioxidant and had the ability to improve meat quality of broilers [11] . Based on the above properties of betaine, previous studies have demonstrated that dietary betaine could improve the heat stressed broilers' growth performance, physiology, carcass criteria [12] , lipid metabolism [13] , immune response [14] , and intestinal barrier function [15] . However, the findings of one study were inconsistent [16] , which revealed that betaine supplementation had no significant effects on carcass traits and intestinal morphology of broilers under heat stress. The variable results suggested that further research and development is still required in this regard. Meanwhile, due to the good meat quality, yellow-feathered broilers are increasingly favored by Chinese consumers. Huaixiang chicken is a famous Chinese indigenous yellow-feather broiler breed and is widely farmed in southern China [17] . However, there is extremely limited information about the effects of betaine on these indigenous yellow-feathered broilers under long-term heat stress. Therefore, the current experiment was conducted to investigate the adverse effect of long-term heat stress on growth performance, digestive function, carcass traits, and meat quality in indigenous yellow-feathered broilers (Huaixiang chicken), and to evaluate whether feeding betaine could ameliorate long-term heat stress-induced impairment of these parameters.
Sampling and Measurements
The cage was considered as the experimental unit. Broilers were weighed on a cage basis (n = 30) initially and after 5 and 10 weeks of heat stress. The feed consumption was recorded weekly based on the cage (n = 30). Body weight gains (BWG), feed intake, and feed conversion ratio (FCR) were then calculated using this information for each phase.
After 5 and 10 weeks of heat stress, one bird from each replicate was randomly selected and moved to metabolic cages for metabolic testing (one bird per cage). The metabolic test lasted 4 days, and the nutrient retention was analyzed as average data by cage during the 4 days (n = 30). The total excreta collection method was used for determination of nutrient retention. During the test, feed intake and excrements were recorded daily, and the excreta were collected. The nitrogen, ash, gross energy, Ca, and phosphorus contents in the feed and excreta were then analyzed based on the method of AOAC (2000) [19] . The crude fat contents were analyzed by using a fat analyzer (Hua Bei Experimenting, Co., Ltd., Hebei, China) based on the Soxhlet extraction method, and ether was used as the solvent. The nutrient retention was calculated by the following formula:
Nutrient retention (%) = (feed intake × Nf-excretion amount × Ne)/(feed intake × Nf) × 100
where Ne = nutrient concentration in excreta (% DM), Nf = nutrient concentration in feed (% DM).
Animals 2019, 9, 506 4 of 14 After 5 and 10 weeks of heat stress, six birds per treatment (one bird per replicate was randomly selected) were slaughtered (n = 30) by severing the jugular vein, respectively. Small intestine was then separated and samples of the contents of the duodenum, jejunum, and ileum were immediately collected for the determination of digestive enzyme activity by using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Subsequently, approximately 2 cm segments of the duodenum, jejunum, and ileum at the middle position were collected immediately. The intestinal samples from each section were fixed in 10% buffered formalin until analyzed. Each intestinal segment was embedded in paraffin. A 7 µm section of each sample was placed onto a glass slide and stained with alcian blue/haematoxylin and eosin for examination with a light microscope. Villus height and crypt depth of the small intestine were measured at 40× magnification using computer software (Sigma Scan, Jandel Scientific, San Rafael, CA, USA), then villus height to crypt depth ratio was calculated. At the end of the experiment (after 10 weeks of feeding trial), the carcass traits and meat quality of the slaughtered broilers were determined (one bird per replicate was randomly selected, n = 30). The carcass traits, included: slaughter rate (%) = (slaughter weight/live weight) × 100; semi-eviscerated carcass rate (%) = (semi-eviscerated weight/live weight) × 100; eviscerated carcass rate (%) = (eviscerated weight/live weight) × 100; leg muscle yield (%) = (leg muscle weight on both sides/live weight) × 100; breast muscle yield (%) = (breast muscle weight on both sides/live weight) × 100; abdominal fat rate (%) = (abdominal fat weight/live weight) × 100. Subsequently, cooking loss was measured by using approximately 20 g of meat sample from the left breast and leg muscle according to the method described by Honikel [20] . The shear force of breast and leg muscle was detected by using C-LM3 digital display tenderness meter (kgf, Northeast Agricultural University, Harbin, China). Duplicate pH values of leg and breast muscle for each sample at 45 min and 24 h after slaughtered were measured using a pH meter (PHSJ-5, Leici, Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China).
Statistical Analysis
All data were analyzed by using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). The growth performance was analyzed during 1-5 weeks, 6-10 weeks, and 1-10 weeks of heat stress. Nutrient Animals 2019, 9, 506 5 of 14 retention, digestive enzyme activity, and intestinal morphology were analyzed after 5 and 10 weeks of heat stress. Carcass traits and meat quality were investigated after 10 weeks of heat stress. Data were expressed as means. Differences among means were tested by using Tukey's test. Orthogonal polynomial contrasts were used to test the linear, quadratic, and cubic effects of the increasing levels of dietary betaine among HS groups. Variability in data was expressed as standard error of means (SEM), p < 0.05 was considered to be statistically significant, 0.05 ≤ p < 0.10 was considered to be a tendency.
Results

Growth Performance
The results of growth performance were shown in Table 2 . During 1-5 weeks, heat stress reduced the BWG and feed intake (p < 0.05), whereas it increased the FCR (p < 0.05). Dietary betaine supplementation tended to improve the BWG (linear, p = 0.078) and feed intake (linear, p = 0.075) of broilers under heat stress. During 6-10 weeks, heat stress decreased the BWG and feed intake (p < 0.01). Supplementation of graded levels of betaine improved the BWG and feed intake (linear, p < 0.05) of broilers under heat stress. During the whole experimental period (1-10 weeks), heat stress reduced the BWG and feed intake (p < 0.01) and dietary inclusion of betaine increased BWG and feed intake (linear, p < 0.05) of broilers under heat stress. 
Nutrient Retention
Nitrogen retention was significantly reduced by 5 weeks of heat stress (Table 3 , p < 0.05), and 5 weeks of heat stress tended to decrease the P retention (p = 0.065). Supplementation of betaine increased the nitrogen and P retention (linear, p < 0.05). After 10 weeks of heat stress, decreased nitrogen retention was observed (p < 0.05). Dietary betaine could improve nitrogen retention in heat stressed broilers (linear, p < 0.05). 
Digestive Enzyme Activity
As presented in Table 4 , after 5 weeks of heat stress, the trypsin activity of the jejunum was decreased by heat stress (p < 0.05). Detary supplementation of betaine had quadratic effects on trypsin activity of jejunum in heat stressed broilers (p < 0.05). Additionally, after 10 weeks of heat stress, dietary betaine supplementation improved the trypsin activity of the duodenum in heat stressed broilers (linear, p < 0.05). 
Intestinal Morphology
As shown in Table 5 and Figures 1 and 2 , after 5 weeks of heat stress, as compared with the TN group, the heat stress control group had lower villus height (p < 0.05) and tended to decrease the villus height to crypt depth ratio of duodenum (p = 0.057). Supplemental betaine had a tendency to increase the villus height to crypt depth ratio (linear, p = 0.057), and had a trend of quadratic effect on villus height (p = 0.084) and villus height to crypt depth ratio (p = 0.056) of the duodenum in heat-stressed treatments. After 10 weeks of the feeding trial, heat stress induced reduction of villus height of the duodenum and jejunum (p < 0.05), and decreased the villus height to crypt depth ratio of the jejunum (p < 0.05). Supplementation with betaine improved the villus height and villus height to crypt depth ratio of the jejunum (linear, p < 0.05) and had quadratic effects on villus height and villus height to crypt depth ratio of the duodenum (p < 0.05) in heat stressed broilers. 
Carcass Traits
After 10 weeks of heat stress, broilers in the heat stress control group had lower eviscerated carcass rate and breast muscle yield than those in TN group (Table 6 , p < 0.05). Additionally, heat stress tended to reduce semi-eviscerated carcass rate (p = 0.085). Dietary betaine improved the semi-eviscerated carcass rate, eviscerated carcass rate, and breast muscle yield of heat stressed broilers (linear, p < 0.05). 
Meat Quality
The results of meat quality were presented in Table 7 . Heat stress challenge had no effects on cooking loss, shear force, and pH of breast and leg muscle (p > 0.05). In heat stress treatments, dietary betaine supplementation had no significant effects on investigated meat quality parameters (p > 0.05). 
Carcass Traits
Meat Quality
Discussion
Growth Performance
It has been well documented that heat stress causes a series of drastic changes in broilers' physiological function, including decreasing the feed intake, disturbing the intestinal function and electrolyte balance, and adversely affecting blood metabolites and hormonal secretions, which results in impairment of productive performance [2, 4] . In this study, expectedly, heat stress induced a reduction in BWG and feed intake of indigenous yellow-feathered broilers. This was in agreement with the reports by Zhong et al. [21, 22] , who observed that heat stress suppressed the average daily gain of yellow-feathered broilers under similar experimental conditions. The lower growth rate in heat stressed broilers may be attributed to the decreased feed intake, which is a defense mechanism to reduce the heat increment of bodies [23] . In addition, the heat stressed broilers consume more energy to adapt to high ambient temperature, thereby reducing energy for growth and leading to a lower growth performance [1] .
Betaine is a functional active substance from a variety of plants, which can act as methyl group donor and organic osmolyte, and has the ability to improve growth performance in animals [7] [8] [9] . Meanwhile, according to the previous studies, betaine could be used as an effective antistress additive in broilers. For instance, He et al. [13] demonstrated that betaine improved the BWG and feed intake of Arbor Acres broilers under 32 • C heat stress. Chand et al. [14] found that dietary supplementation of 1.5% and 2% betaine increased the feed intake and BWG and reduced the FCR of fast-growing broilers exposed to heat stress. Similar findings have been reported in the studies of Sakomura et al. [16] and Singh et al. [24] , who observed a significant increase in feed intake and BWG of heat stressed Cobb broilers fed with diet contained betaine. However, the studies related to the effects of betaine on indigenous slow-growing broilers are very scarce. Attia et al. [12] reported that 0.5 or 1.0 g/kg betaine supplementation improved the BWG and feed intake, whereas it decreased the FCR of slow-growing white-feathered broilers under heat stress. To the best of our knowledge, no research has been reported to study the effect of dietary betaine on Chinese indigenous yellow-feathered broilers. Our data showed that dietary supplementation of betaine could mitigate the adverse effects of heat stress on feed intake and BWG in indigenous yellow-feathered broilers, indicating that betaine has potential as an anti-heat stress additive for slow-growing yellow-feathered broilers. Regarding the mechanism of action, it was assumed that the beneficial effects on growth performance of heat stressed broilers might be due to the osmoregulatory, methyl group donors, and antioxidative properties of betaine.
Digestive Function
During heat stress, the intestinal epithelial cells of broilers are subjected to osmotic stress, as high ambient temperature may lead to water imbalance and cell permeability changes through dehydration [25] . Additionally, the fluid transport in the gastrointestinal tract during heat stress may also cause changes in intestinal structure and digestive function [23] . Indeed, in the current study, heat stress groups had lower nitrogen retention and trypsin activity. This was supported by previous findings of Attia et al. [12] and Chen et al. [26] , who demonstrated that heat stress decreased the nitrogen digestibility and digestive enzymes activity of broilers. The present study showed that dietary supplementation of betaine ameliorated the nitrogen retention and trypsin activity of the duodenum and jejunum in heat stressed yellow feather broilers. Similarly, Attia et al. [12] reported that 0.5 or 1.0 g/kg betaine supplementation recovered the crude protein digestibility coefficients from the adverse effects of heat stress on slow-growing chicks. Eklund et al. [27] revealed that supplementation of betaine in broilers' diet could improve the apparent nutrient digestibility, including protein, methionine, and crude fat. However, because the available data regarding the effect of betaine on nutrient digestibility and digestive enzymes activity in heat stressed yellow-feathered broilers is limited, no more comparisons could be made. On the other hand, according to the results obtained by Wang et al. [28] , betaine supplementation increased the activities of amylase, lipase, trypsin, and chymotryps of the small intestine in stressed rats. Pollard and Wyn Jones [29] also found that betaine protected against stress inhibition of enzymes. It has been suggested that betaine could promote the activity of key cellular enzymes, and the effects of betaine involved universal water-solute-macromolecule interactions [28] . Betaine possesses an osmotic effect and attaches to the surface of biopolymers and helps proteins fold more compactly [30] . In the same study, they also noted that this protective effect may be limited to certain enzymes. This was in agreement with our results, which only show an increase in the activity of trypsin.
The intestinal villus height and villus height to crypt depth ratio were decreased by heat stress in our experiment, suggesting that heat stress induced deterioration of intestinal morphology. These findings were in accordance with previous reports of Quinteiro-Filho et al. [2] and Burkholder et al. [3] . Animals have mechanisms to regulate body temperature as well as changes in physiological status. When the ambient temperature exceeds the thermoneutral zone, the body temperature raises, and peripheral blood flow increases as a response to heat stress, meaning that the blood flow of turbinate, nasal mucosa, myocardium, and respiratory muscles is higher than that of the intestine [2] . Ischemia and hypoxia of the intestine can cause epithelial shedding, leading to a deeper crypt depth and shorter villus height [3] . This study showed that the intestinal epithelial morphology was revived by the inclusion of betaine. Several possible mechanisms could explain the positive response of heat stressed broilers to dietary betaine: the methyl group donor nature of betaine might promote the proliferation of intestinal epithelial cells; the osmotic effect of betaine could improve the intestinal environment; and the antioxidant activity of betaine could alleviate intestinal oxidative damage induced by heat stress [28] . However, most studies to date have only investigated the effects of betaine on intestinal morphology of fast-growing broilers or rats. For instance, Kettunen et al. [31] discovered that dietary betaine supplementation increased the villus-crypt ratio of intestine in broilers. Eklund et al. [27] reported that betaine could maintain gut villi integrity and consequently promote better nutrient digestibility and absorption in broilers. Wang et al. [28] also demonstrated that betaine supplementation enhanced villus heights and villus height to crypt depth ratio of the duodenum, jejunum, and ileum in stressed rats. One study on the effects of betaine on heat stressed broilers obtained a contrary finding [16] , revealing that the morphometrics of the intestinal crypts and villi in heat stressed broilers were not influenced by supplementation of betaine. The extent and duration of heat stress, species of broilers, growth stages, and the type of diet could help to explain these inconsistencies. Overall, betaine favorably affected the intestinal structure and digestive function could account for the boosted growth performance in this study.
Carcass Traits and Meat Quality
The present study discovered that the eviscerated carcass rate and breast muscle yield were reduced in response to heat exposure. This was supported by previous findings of Lu et al. [32] , who reported that the carcass parameters were negatively affected by chronic heat stress in broilers. However, Sakomura et al. [16] did not find any significant impacts of heat stress on carcass, leg, and breast yield. The possible reasons of these results might be due to the experimental conditions and genetic background of broilers. In that study, thermoneutral zone groups were held at 28 • C from day 22 to day 45, and they used fast-growing (Cobb) broilers; these differences could lead to inconsistent findings. Betaine is often considered as a carcass modifier due to methyl group donor property, which causes a higher availability of methionine and cystine for protein deposition, thus contributing to improving the carcass lean percentage [33] . In this study, when supplemented with betaine in heat stressed broiler groups, the carcass traits were subsequently improved. Consistent with our results, Attia et al. [12] observed an improvement in the carcass traits of heat stressed slow-growing chicks by dietary betaine. Nofal et al. [34] found that inclusion of 0.2% betaine increased carcass weight and breast muscle yield in growing broilers under heat stress conditions. Similar results in thermoneutral conditions were obtained by Rao et al. [7] and Zhan et al. [35] , who reported that dietary betaine supplementation enhanced the breast muscle yield of male broiler chickens.
Regarding meat quality, even though some studies have suggested that chronic heat stress had adverse effects on the meat quality of broilers, such as drop loss, cooking loss, shear force, pH, and meat color [4] [5] [6] , our study failed to show any significant impacts of heat stress on cooking loss, shear force, or pH of breast and leg muscle. The different broiler breeds used might explain the difference of these results. Feeding betaine ameliorated heat stress-induced impairment of meat quality according to Attia et al. [12] , who suggested that dietary betaine improved dry matter composition and water holding capacity of meat in slow-growing broilers. Also, Alirezaei et al. [11] indicated that betaine could act as an antioxidant agent and improve broilers' meat quality. However, there were no significant differences in meat quality criteria between treatments in this study. This might be because the number of observations was insufficient, or the detected criteria of meat quality were limited. Increasing the sample size of the experiment, and investigating other criteria related to meat quality, such as TBARS, intramuscular fat, lactic acid, etc., are essential in future studies.
Conclusions
To summarize, the current results indicated that long-term heat stress induced inferior growth performance, injured digestive function, and lower carcass yield in indigenous yellow-feathered broilers. Dietary supplementation of betaine was effective in improving growth performance, digestive function, and carcass traits in indigenous yellow-feathered broilers subjected to heat stress. 
